Matrix metalloproteinases (MMPs) are a family of proteinases which have zinc dependent structure centre, widely degrade extracellular matrix components and cleave non-matrix proteins including growth factors, chemoattractants and cell surface receptors.
. MMPs are activated by cleavage to set the catalytic domain free to act on substrates.
MMP-12, which is also called metalloelastase and macrophage elastase, was firstly detected in mouse peritoneal macrophage.
2) Subsequently, it was also found in alveolar macrophages, 3, 4) bronchial epithelial cells 5) and airway smooth muscle cells. 6) Like other MMPs, MMP-12 consists of a pro-domain, a catalytic domain and a hemopexin domain, and is activated by taking off the pro-domain and then the hemopexin domain remaining the catalytic domain. It has been reported that the rat MMP-12 catalytic domain can degrade collagen-V and partially degrade collagen-I 7) and other extracellular matrix proteins. 8) Although the role of MMP-12 in airways is not fully understood, an involvement of MMP-12 has been reported in cigarette smoking-associated airway inflammatory diseases, such as chronic obstructive pulmonary disease (COPD). 9) MMP-12 has been reported to be associated with cigarette smoke-induced emphysema 10) and macrophage migration. 11) In patients with COPD, MMP-12-positive macrophages were increased in airway epithelial layers and bronchoalveolar lavage fluids when compared with normal subjects. 12) On the other hand, an upregulation of MMP-12 was also found in a mouse model of airway inflammation and remodeling induced by IL-13. 13) Furthermore, an increased expression of MMP-12 was reported in a mouse model of allergic airway inflammation: the MMP-12 upregulation was not observed in IL-13-knockout mice. 14) It is thus possible that MMP-12 is also relating to airway diseases mediated by Th2 cytokines such as allergic bronchial asthma. Indeed, MMP-12 has been proposed as one of the asthma candidate genes. 15) In the present study, the changes in the expression and localization of MMP-12 in airways of repeatedly antigen-challenged rats were investigated to reveal whether or not MMP-12 has relevance to allergic bronchial asthma.
MATERIALS AND METHODS

Sensitization and Antigenic Challenge
Male Wistar rats (6 weeks of age, specific pathogen-free, 170-190 g; Charles River Japan, Inc.) were sensitized and repeatedly challenged with 2,4-dinitrophenylated Ascaris suum antigen (DNP-Asc) by the method described in the previous papers. [16] [17] [18] [19] [20] [21] [22] [23] [24] In brief, the rats were sensitized with DNP-Asc together with Bordetella pertussis and were boosted 5 d later. Eight days after the first immunization, the rats were challenged by inhaling DNP-Asc for 40 min under conscious state. Then the animals were subjected to totally three times repeated antigen challenge every 48 h with the same inhalational challenge method. One, 3, 12 or 24 h after the last antigen challenge, animals were sacrificed as describe below. Age-matched non-sensitized normal and/or sensitized (saline inhalation instead of antigen challenge) animals were used as controls. All experiments were approved by the Animal Care Committee of Hoshi University (Tokyo, Japan).
Functional Study The isometrical contraction of the circular smooth muscle of the main bronchus was measured as described previously. [16] [17] [18] [19] [20] [21] In brief, the rats were sacrificed by exsanguinations from abdominal aorta under chloral hydrate (400 mg/kg, i.p.) anesthesia. Then the airway tissues below the larynx to lungs were immediately removed. About 4 mm length (3 mm diameter) of the left main bronchus was isolated (8-9 cartilages) and the resultant tissue ring preparation was then suspended in an organ bath at a resting tension of 1 g. The organ bath contained modified Krebs-Henseleit solution with the following composition (mM); NaCl 118.0, KCl 4.7, CaCl 2 2.5, MgSO 4 1.2, NaHCO 3 25.0, KH 2 PO 4 1.2 and glucose 10.0 (pH 7.4). The isometrical contraction of the circular smooth muscle was measured with a force-displacement transducer (TB-612T, Nihon Kohden, Tokyo, Japan). During an equilibration period, the tissues were washed three or four times at 15-20-min intervals and were equilibrated slowly to a baseline tension of 1 g. After the equilibration period, the concentration-response curve to acetylcholine (ACh; 10
Ϫ7
-10
Ϫ3 M in final concentration) was constructed cumulatively. A higher concentration of ACh was successively added after attainment of a plateau response to the previous concentration.
RNA Extraction and Reverse Transcription-Polymerase Chain Reaction (RT-PCR) Airway tissues below the main bronchi were removed under anesthesia, quickfrozen in liquid nitrogen, crushed to powders by using Cryopress TM (CP-100W; Microtec, Co., Ltd., Chiba, Japan: 15 sϫ3), and total RNA was isolated from each frozen sample with a one-step guanidium-phenol-chloroform extraction procedure using TRI Reagent TM (Sigma, St. Louis, MO, U.S.A.). The mRNA levels of MMP-12 were examined by RT-PCR. Briefly, cDNAs were prepared from the total RNA (1.0 mg) by using RevertAid First Strand cDNA Synthesis Kit (Fermentas Inc., Hanover, MD, U.S.A.) in a total volume of 50 ml reaction buffer containing 50 mM Tris-HCl, pH 8.3, 50 mM KCl, 4 mM MgCl 2 , 1 mM dNTP mixture, 1 U/ml RNase inhibitor, 10 ng/ml random 6mers, and 200 U/ml M-MuLV reverse transcriptase. The reaction mixture was incubated for 10 min at 25°C followed by 60 min at 42°C to initiate the synthesis of cDNAs. Reverse transcriptase was inactivated at 70°C for 5 min. Then the RT reaction mixture (1 ml) was subjected to PCR (0.1 mM forward and reverse primers, 0.025 U/l Taq DNA polymerase, 2 mM MgCl 2 , 0.2 mM dNTPs) in a final volume of 5 ml. The PCR primer sets used were: 5Ј-AGGTCAAGATGGATGAAGCGG-3Ј (sense) and 5Ј-GAAGTAATGTTGGTGGCTGGACTC-3Ј (antisense) for MMP-12, 5Ј-CCATCACTGCCACTCAGAAGAC-3Ј (sense) and 5Ј-TACTCCTTGGAGGCCATGTAGG-3Ј (antisense) for GAPDH. The thermal cycle profile used was 1) denaturing for 15 s at 95°C, 2) annealing primers for 15 s at 55°C, 3) extending the primers for 60 s at 72°C. The PCR amplification was performed at 30 cycles according to the preliminary cycle dependence experiment. The PCR products were subjected to electrophoresis on 1.2% agarose gel and visualized by ethidium bromide staining. The band intensity was quantified by a densitometer (Atto Densitograph; Atto Co.,Tokyo, Japan). The ratio of the MMP-12/GAPDH was calculated for the relative expression of MMP-12 mRNA.
Protein Extraction and Western Blots Total protein was extracted from an aliquot of the tissue powder described above by using T-RER TM (Pierce, Rockford, IL, U.S.A.) in the presence of proteinase inhibitors according to the manufacturer's instructions. The protein samples were mixed with SDS sample buffer and heated at 100°C for 4 min. The samples (10 mg per lane) were subjected to 10% SDS-PAGE. Proteins were then electrophoretically transferred for 2 h onto PVDF membranes (Hybond-P, Amersham, U.K.) in transfer buffer (20% methanol containing 25 mM Tris and 192 mM glycine). After repeatedly washing with Tris buffer (20 mM Tris, 500 mM NaCl, pH7.5) containing 0.1% Tween-20 (TTBS), the membranes were incubated with blocking buffer (5% skim milk in TTBS) for 3 h at room temperature. Then the membranes were incubated with primary rabbit anti-MMP-12 (hinge region; 1 : 1000 dilution; Sigma, St. Louis, MO, U.S.A.) in antibody buffer (2% bovine serum albumin in TTBS) for 12 h at room temperature. The membranes were then washed with TTBS for 10 min 6 times. Membranes were then incubated with horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (1 : 5000 dilution; Amersham, U.K.) for 1.5 h at room temperature, and were washed with TTBS for 10 min 6 times. The blots were detected with an enhanced chemiluminescent method (ECL System; Amersham, U.K.) and quantitated by densitometry system (Atto Densitograph; Atto Co., Tokyo, Japan). To normalize the MMP-12 contents by an internal control protein, GAPDH, immunoblotting was also performed on the same gel by using monoclonal mouse anti-GAPDH (1 : 5000 dilution; Chemicon, Temecula, CA, U.S.A.) and goat anti-mouse IgG (1 : 5000 dilution; Amersham, U.K.).
a a-Casein Zymography To measure the activity of MMP-12, a-casein zymography was performed using protein extraction described above. In brief, protein samples were mixed with SDS sample buffer without heating and then loaded onto 10%-polyacrylamide gel containing 1 mg/ml of a-casein (USB Corp., Cleveland, OH, U.S.A.). Electrophoresis was performed at 4°C and the gels were then incubated for 30 min in fixation buffer (50% methanol, 10% acetic acid). Gels were then washed with 2.5% Triton X-100 for 15 min 4 times to remove SDS and equilibrated in incubation buffer (50 mM Tris-HCl, 5 mM CaCl 2 , 0.02% NaN 3 , pH 8.5) for 30 min at room temperature. Gels were then incubated in incubation buffer at 37°C for 4 d. After incubation, the gels were stained with 2.5% CBB and destained with destaining buffer (30% methanol, 10% acetic acid). The caseinolytic bands were detected and quantitated by densitometry system (Atto Densitograph; Atto Co., Tokyo, Japan).
Histochemistry and Immunohistochemistry Lungs were fixed in 10% formaldehyde and embedded in Paraplast X-TRA TM paraffin (Fisher Healthcare, Houston, TX, U.S.A.). Four-micrometers sections were obtained from blocks and mounted on silane-coated glass slides, deparaffinized with xylene and graded ethanol. For the histochemical examination, the sections were stained with hematoxylin and eosin (HE) by a standard technique. For the immunohistochemical examination, the sections were incubated with rabbit anti-MMP-12 as the primary antibody by using a streptavidin-biotin immunoperoxidase method as described previously 25) with minor modification. In brief, before immunostaining, rehydrated sections were pretreated by incubation in 0.5% Triton X-100 in PBS for 10 min for permeabilization and were immersed in 0.3% hydrogen peroxide in 100% methanol for 30 min to remove endogenous peroxidase activity. The pretreated sections were washed with PBS and incubated in 5% skim milk in PBS for 1 h. The sections were then rinsed and incubated sequentially at room temperature in the following solutions: (1) primary antibody (diluted 1 : 500 in PBS containing 1% skim milk) overnight, (2) biotinylated goat anti-rabbit IgG (diluted 1 : 200 in PBS containing 1% skim milk) for 30 min, and (3) avidin-biotinylated peroxidase complexes (Vector Laboratory, Inc., Burlingame, CA, U.S.A.) in PBS for 30 min. The bound peroxidase activity was visualized by incubation with 0.7 mg/ml 3,3Ј-diaminobenzidine-0.02% H 2 O 2 in 60 mM Tris buffer (pH 7.5).
Sections were rinsed in PBS after each step of immunostaining procedure. Finally, the sections were counterstained with Hematoxylin QS (Vector Laboratories, Inc., Burlingame, CA, U.S.A.), dehydrated, and mounted in permanent mounting medium. The MMP-12-positive macrophages in alveoli were counted under ϫ400 magnification by two different investigators. The average number of five random microscopic fields from a section was defined as Nϭ1.
Statistical Analyses All the data were expressed as the mean with S.E.M. Statistical significance of difference was determined by unpaired Student's t-test or Bonferroni/Dunn analysis. A value of pϽ0.05 was considered as significant. Figure 1 shows the results of histologic examinations of lung tissues obtained from the sensitized control and 12 and 24 h after the last antigen challenge. A marked increase in the inflammatory cells infiltration was observed at 12-24 h after the antigen challenge (Figs. 1c-f ) when compared with control animals (Figs. 1a, b) . More serious inflammation was found at 24 h after the antigen challenge. Most of the infiltrated cells were eosinophils as determined by DiffQuik staining of lung sections (not shown). In this animal model of allergic bronchial asthma, an augmented bronchial smooth muscle contraction was also observed (Fig. 2) as reported previously. [16] [17] [18] [19] [20] [21] [22] Change in the mRNA Expression of MMP-12 The semi-quantitative analyses for mRNA expression of MMP-12 were determined by RT-PCR. Under the condition used, the PCR amplification revealed a single band corresponding to the expect size of MMP-12 mRNA (644 bp). As shown in Fig. 3a , the mRNA expression of MMP-12 was increased at 1-12 h after the antigen challenge when compared with control group. Figure 3b shows the summary of the relative expression of MMP-12 mRNA to GAPDH mRNA. The peak expression of MMP-12 mRNA was observed at 3 h after the last antigen challenge.
RESULTS
Phenotype of the Rat Model of Allergic Bronchial Asthma
Change in the Protein Expression of MMP-12 Immunoblot analyses revealed that the antibody against MMP-12 used in the current study recognizes the proenzyme (54 kDa) and intermediate form (45 kDa) but not the active form of MMP-12 (Fig. 4a) reported in rat abdominal aortic aneurysm. 26) When the relative expressions of proenzyme and intermediate form of MMP-12 to GAPDH were calculated respectively, no significant change in the expression was observed among the groups (Figs. 4b, c) . 
Change in MMP-12 Activity Determined by a a-Casein
Zymography Figure 5a shows a typical photograph of acasein zymography. In addition to the bands corresponding to the proenzyme and intermediate form of MMP-12 (54, 45 kDa, respectively), distinct caseinolytic bands were also detected at ca. 35 kDa. The densities of these three bands of the sensitized control and antigen-challenged rats were normalized by the corresponding bands of nonsensitized normal animals. Interestingly, the densities of caseinolytic bands of ca. 35 kDa were significantly increased at 3-12 h after the antigen challenge, whereas the bands corresponding to the proenzyme and intermediate form of MMP-12 were not changed (Fig. 5) .
MMP-12 Immunohistochemistry of Lung Tissues
Immunohistochemical examinations revealed a strong MMP-12 staining in bronchial epithelia of the sensitized control (Figs.  6a, b) and non-sensitized normal control rats (not shown). Although the MMP-12-positive staining was not found in subepithelial layers (Figs. 6a, b) , a weak but distinct immunostaining was observed in bronchial smooth muscle layers (Fig. 6b) and lung alveolar cells of these animals (Fig. 7) . Most of the alveolar macrophages of the control animals were also positive to the MMP-12 staining (Fig. 7a) . Similar results were also found in the repeatedly antigen challenged animals (Figs. 7b, c) . However, the number of the MMP-12-positive alveolar macrophages was significantly increased 12 and 24 h after the antigen challenge (Fig. 7d) . 
DISCUSSION
In the present study, the changes in the expression of MMP-12 in the airways were investigated in a rat model of allergic bronchial asthma that has marked airway inflammation and bronchial smooth muscle hyperresponsiveness (Figs.  1, 2) . Both the mRNA expression of MMP-12 and the ca. 35 kDa caseinolytic band were significantly increased in this animal model of asthma: the mRNA expression was increased at relatively early phase after the last antigen challenge (1-3 h; Fig. 3 ), while the peak expression of the caseinolytic band was observed at 12 h after the challenge (Fig.  5) . Immunohistochemical examinations revealed that MMP-12 is located in airway epithelia, bronchial smooth muscles, lung alveoli and alveolar macrophages (Fig. 6) : the infiltrated MMP-12-positive macrophages were increased after the repeated antigen challenge. These findings suggest that MMP-12 expression and activity might be increased in the airways of allergic bronchial asthma, probably due to the increased infiltration of the MMP-12-positive macrophages in the lungs.
Currently, the 54 and 45 kDa bands corresponding to the proenzyme and intermediate forms of MMP-12 reported previously in rat abdominal aortic aneurysms 26) were detected by immunoblottings (Fig. 4) . However, we could not detect the 22 kDa band reported in the same paper. 26) This might be due to the difference in the antibody used. We used a commercially available antibody that recognizes the hinge region of MMP-12. The MMP-12 proenzyme consists of three domains, i.e., pro-domain and catalytic and hemopexin domains.
4) The 22 kDa active form of MMP-12 is generated by the loss of the N-terminal pro-domain and the C-terminal hemopexin domain.
4) The hemopexin domain is connected to the catalytic domain by the hinge region, an autolytic site of MMP-12.
4) It is thus probable that the antibody used in the present study could not recognize the MMP-12 without the hemopexin domain. On the other hand, a distinct ca. 35 kDa caseinolytic band, a form of MMP-12 in rat alveolar macrophage, 27) was detected in rat airways (Fig. 5) . On the basis of apparent molecular weights, the ca. 35 kDa MMP-12 might consist of the pro-domain and the catalytic domain (MMP-12 without the hemopexin domain). The ca. 35 kDa band was not recognized by the antibody used in the present study (data not shown), probably due to the reason as above. On the other hand, the casein zymography also revealed caseinolytic bands other than 54, 45 and ca. 35 kDa (Fig. 5a) . The presence of bands with apparent molecular weights higher than 54 kDa and between 35 and 45 kDa in the casein zymography could be explained by the presence of other MMPs, such as MMP-2, MMP-9, and so on. [28] [29] [30] It seems likely that the MMPs activities other than MMP-12 are also increased in the airways of this animal model of allergic asthma. Indeed, an increased MMP-9 activity has been reported in patients with allergic asthma. [31] [32] [33] Allergic bronchial asthma is characterized by upregulation of IgE and Th2 cytokine levels, infiltration of inflammatory cells such as macrophages, neutrophils and eosinophils, and airway hyperresponsiveness (AHR). It has also been reported that the gene expression of MMP-12 was upregulated in patients with asthma. 6) Although the pathogenic role of MMP-12 in asthma is not clear now, gene knockout of MMP-12 can inhibit infiltration of inflammatory cells in a murine model of allergic asthma. 34) Moreover, instillation of catalytic domain of MMP-12 into mouse airways induced a recruitment of neutrophils at early phase and an increase in macrophages at later phase after the administration.
35) MMP-12 also has an ability to induce the release of proinflammatory cytokines/ chemokines. 35) It is thus possible that MMP-12 works as a stimulator of airway inflammation.
In the present study, we used our well-established rat model of allergic bronchial asthma. [16] [17] [18] [19] [20] [21] [22] [23] [24] In this animal model of asthma, the mRNA expression of MMP-12 was significantly increased following the process of antigen challenge (Fig. 3) . Similar result has also been reported in a murine model of allergic airway inflammation. 14) On the other hand, no significant change in the protein expression of proenzyme (54 kDa) or intermediate form (45 kDa) of MMP-12 detected by immunoblotting was observed between the challenged and control groups (Fig. 4) . The discrepancy between the mRNA (Fig. 3 ) and immunodetectable protein (Fig. 4) expressions might be due to its rapid change into alternative forms of MMP-12. Indeed, the ca. 35 kDa caseinolytic band was significantly increased after the antigen challenge (Fig. 5) .
Immunohistochemical examinations revealed a strong MMP-12 staining in bronchial epithelia and alveolar macrophages and a weak but distinct staining in bronchial smooth muscles and lung alveoli in rats (Figs. 6, 7) . From the results of immunoblottings (Fig. 4) , the positive immunostainings indicate the existence of 54/45 kDa of MMP-12. Interestingly, the MMP-12-positive macrophage was significantly increased after the antigen challenge (Fig. 7) . Although the exact role of MMP-12 generated by these airway cells in antigen-induced airway inflammation and AHR is not clear now, an inhibitory effect of a broad MMPs inhibitor, GM6001, on airway inflammation has been reported in a murine model of allergic asthma. 36) Moreover, administration of the endogenous MMPs inhibitors, tissue inhibitor of metalloproteinase (TIMP)-1 and TIMP-2, also inhibits inflammatory cells infiltration and AHR induced by ovalbumin in mice. 37) On the other hand, intratracheal instillation of recombinant human MMP-12 can induce airway inflammation in naive mice. 35) Thus, MMP-12 might be one of the important mediators in the pathogenesis of allergic airway inflammation.
Currently, the ca. 35 kDa MMP-12 activity in the lung homogenates returned to near the control level at 24 h after the last antigen challenge (Fig. 5b) , whereas the MMP-12-positive macrophages were still increased (Fig. 7d) . Although the detail of the discrepancy is not clear now, the MMP-12 activity in lung homogenate may mainly derive from the cells other than macrophages. The relatively small amount change in the macrophage-derived MMP-12 activity may be masked by the large amount of the activities derived from airway epithelia and so on. Indeed, the increased number of MMP-12-positive macrophages was not reflected in the results of immunoblot analyses of lung homogenates (Fig. 4) though the same anti-MMP-12 antibody was used for the immunohistochemical and immunoblot studies. Alternatively, 24 h after the last antigen challenge, the expression level of MMP-12 per one macrophage cell may be decreased though the number of MMP-12-positive macrophage was increased: the immunohistochemical examination used in the present study can not distinguish the changes in the expression levels.
In conclusion, the current study demonstrates an upregulation of MMP-12 in airways of rat model of allergic bronchial asthma. An increase in the MMP-12-positive macrophages in alveoli might be, at least in part, involved in the increased MMP-12 activity. Because a similar role of macrophage MMPs in rat acute lung inflammation and human lung disease has been suggested, 27) MMP-12 might be a new target for the therapy against allergic bronchial asthma.
